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Determining the Role of the hERG Intracellular Loop Regions in Regulating
Channel Gating
Elena C. Gianulis, Matthew C. Trudeau.
University of Maryland, Baltimore, Baltimore, MD, USA.
Human ether-a-go-go-related gene (hERG) potassium channels exhibit unique
kinetic properties, including unusually slow deactivation kinetics, which help
to specialize them for their role in the heart. Previously, we demonstrated
that an N-terminal Per-Arnt-Sim (PAS) domain is essential in regulating chan-
nel deactivation kinetics, and that this regulation occurs through a direct inter-
action with a cyclic nucleotide binding domain (CNBD) in the C-terminal tail.
Recent evidence suggests the intracellular loop between the S4 and S5 trans-
membrane domains (S4-S5 linker) may also be of importance in regulating
both activation and deactivation gating and that modulation of gating by the
N-terminal PAS domain may act via the S4-S5 linker; however, the mechanism
for this remains unclear. Here, we sought to investigate the role of the S4-S5
linker, together with the PAS domain, in regulating channel gating by perform-
ing site-directed mutagenesis within the S4-S5 linker region. We found that
mutations in the S4-S5 linker produced channels with altered gating properties,
including accelerated deactivation kinetics and shifts in the steady-state activa-
tion curves, supporting the notion that this region may play an important role in
gating. For example, hERG E544R mutant channels exhibited faster deactiva-
tion kinetics and a rightward shift in the steady-state activation curve to more
positive potentials. On the other hand, hERG Y545A mutant channels also ex-
hibited accelerated deactivation kinetics, but instead showed a leftward shift in
the steady-state activation curve to more negative potentials. Together, these
experiments work towards elucidating the role of the S4-S5 linker region in
regulating hERG channel gating.
1670-Pos Board B440
Ligand-Binding Characteristics of the Cyclic Nucleotide Binding Domain
(CNBD) of the HERG Potassium Channel and Long QT Syndrome
Renjian Zheng, Bret W.A. Negro, Rhadames A. Rojas, Amanda Laska,
Soung-Ick Cho, Huiyng Cheng, Edmond Obeg-Gyimah, ThomasMcDonald.
Albnert Einstein College of Medicine, Bronx, NY, USA.
cAMP may regulate human ether-a-go-go-related gene potassium channel
(HERG) by either stimulating protein kinase A (PKA) to phosphorylate the
channel or direct binding to the cyclic nucleotide binding domain (CNBD) of
HERG. The consequence of direct cAMP binding to HERG is still unclear. Mu-
tations throughout the HERG channel can disrupt its function, leading to the
Long QT syndrome. Dysfunction of HERG harboring mutations in the
CNBD has been attributed to inability to bind cyclic nucleotides and/or im-
proper trafficking. We characterized ligand binding of HERG potassium chan-
nel nucleotide binding domain (CNBD) using surface plasma resonance (SPR),
fluorescence and affinity pull down experiments. Recombinant HERG-CNBD
was purified and used for these studies. SPR measured cAMP binding to the
isolated CNBD domain with estimated Kd value of 14 - 39 mM. Long QT2 mu-
tants (F805S, G816V, S818L V822M and R823W) introduced into the re-
combinant protein retained binding with cAMP, suggesting that deleterious
channel effects of these naturally occurring mutations are not caused by direct
disruption of cAMP binding. Progressive deletion/truncation study of HERG-
CNBD showed that a 16-amino acid region (residues 755-811) of HERG con-
tributed most to the cAMP binding. Our results confirmed the direct binding of
cAMP to HERG CNBD motif and narrow down the region involved. Disrup-
tion of ligand binding however does not seem to be a primary mechanism
for channelopathy disease. Further studies are needed to determine if CNBD
causes conformational change upon cAMP binding leading to channel
regulation.
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Proton Block of the Pore Underlies the Loss of hERG Channel Conduc-
tance during Acidosis
Aaron Van Slyke, Yen May Cheng, Pouya Mafi, Charlene R. Allard,
Tom Claydon.
Simon Fraser University, Vancouver, BC, Canada.
Acidic pH reduces conductance in a number of voltage-gated potassium (Kv)
channels via stabilization of inactivated states. However, the site and mecha-
nism of action of protons responsible for inhibition of human ether-a-go-go re-
lated gene (hERG) Kv channels is unclear. Consistent with previous
observations that suggest that a stabilization of inactivated states is not respon-
sible, we show that protons reduce maximal conductance in S620T
inactivation-removed channels to the same extent as WT hERG channels. A
Woodhull characterization of the voltage-dependence of channel inhibition in-
dicate that protons experience ~20% of the electric field (d=0.18) at their bind-
ing site. An apparent reduction of the single channel conductance was observedin measurements of hERG single channel activity. These data suggest that rapid
block of the hERG channel pore underlies the proton-mediated loss of conduc-
tance. Consistent with a block of the outer pore, external Kþ (Kd=1 mM,
pH5.5) or Naþ relieved the effect of acidic pH. The negatively charged residue
E637 in the outer pore mouth is a potential proton binding site; however, we
could not test this since neutralization of this site resulted in non-functional
channels. As an alternative strategy, we engineered a glutamate at H587,
a site previously shown to face into the outer mouth of the pore. H587E reduced
the voltage dependence of the proton block indicating that the binding site was
shifted to a site that experiences little of the electric field. This implies that the
proton binding site in WT channels lies deeper within the pore than H587.
Taken together, these data suggest that extracellular protons inhibit hERGmax-
imal conductance by blocking the external channel pore.
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Molecular Determinants of Voltage-Dependent Gating in hERGPotassium
Channels
Yen May Cheng, Christina M. Hull, Christine M. Niven, Charlene R. Allard,
Tom W. Claydon.
Simon Fraser University, Burnaby, BC, Canada.
Shaker channel voltage sensor activation is rapid and pore opening is limited
by concerted rearrangements of the intracellular gate. In contrast, hERG chan-
nel activation and deactivation gating kinetics are slow and appear to be lim-
ited by movement of the S4 voltage sensor. The mechanistic basis for these
slow gating kinetics remains unclear. Recent findings in Shaker suggest that
interaction of positive S4 charges (i.e. R1, K5) with a gating charge transfer
centre, formed by F290 and E293 in S2 and D316 in S3 regulate voltage-
dependent S4 movement and gating. Whether such a transfer centre exists
in hERG channels has not been tested. Although the relevant residues are
somewhat conserved, the positive charges are reversed, i.e. K1 and R5, com-
pared to R1 and K5 in Shaker. Moreover, E293 is D466 in hERG. We inves-
tigated whether these differences in the nature of the charges contribute to the
unique gating characteristics of hERG. The hERG K525R (K1R) mutation
left-shifted the G-V relationship by ~50mV. This is consistent with results
in Shaker and suggest that the closed state is stabilized in hERG channels
as a result of the presence of K1 rather than R1. hERG D466E alone had
no effect on the G-V relation, but the mutation restored WT-like gating to
K1R channels, suggesting that the introduced glutamate modifies the stability
of the resting state of the voltage sensor. The R537K (R5K) mutation stabi-
lized the closed state. This is in contrast to what the Shaker model would
predict and suggests that the open state of the channels may be stabilized
by different interactions within or beyond the charge transfer centre. Taken
together, these findings suggest that charge-conserving sequence divergence
in the voltage sensing unit contributes to the unique gating properties of
hERG channels.
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Understanding hERG Channels Gating using Voltage-Clamp Fluorimetry
Ying Dou, Zeineb Es-Salah-Lamoureux, Ping Yu Xiong, David Fedida.
University of British Columbia, Vancouver, BC, BC, Canada.
hERG channels encode the alpha-subunit that underlies the rapidly activating
delayed rectifier Kþ current (IKr) in the heart. These proteins play a central
role in cardiac action potential repolarization. hERG channel is a tetramer of
four subunits, each containing six segments, S1-S6, and a re-entrant P-loop
with a pore helix. The importance of hERG channels resides in their unusual
gating, that are slow activation and deactivation, and much faster inactiva-
tion/recovery from inactivation.
One debated and undetermined issue is whether S4 movement in hERG chan-
nels is slow, or if its coupling to pore opening is. Previous studies have sug-
gested that slow activation may be due to slow movement of the S4
segments, however, we recently showed that such movement is actually fast,
but that a secondary conformational rearrangement, related to the pore, is di-
rectly connected to the slow kinetics of activation/deactivation of hERG
channels1.
To get an overall picture of the conformational changes that occur in the whole
channel throughout its activation/deactivation mechanisms, we performed
a fluorescence scan of the S4 segment, the S1-S2 and S3-S4 linkers using
voltage-clamp fluorimetry technique. Results show different profiles of fluores-
cence depending on the location where the fluorescent dye is attached. But in-
terestingly, two profiles seem to be highlighted: 1) minor fast fluorescence
signals with voltage-dependence that correlates well with S4 segment move-
ment, and 2) major slow fluorescence signals that consistently relate to pore
opening/G-V in terms of time course and voltage-dependence, leading to the
conclusion that a concerted channel rearrangement is responsible for or resul-
tant of slow opening in hERG channels.
330a Monday, February 27, 2012Our data suggest that re-assessment of mechanisms underlying hERG activa-
tion gating is required, particularly with regard to the coupling mechanisms be-
tween voltage sensor movement and channel pore opening.
1 Es-Salah-Lamoureux et al., 2010, PLoS One 28;5(5):e10876
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Interactions of Extracellular Potassium, Calcium and Hydrogen with the
Outer Pore of the Cardiac Potassium Channel Herg
Kevin Ha, Steve Tseng, Kristeen Pareja, Vikram Makhijani, Attilio Macrito,
Eddie Thara, Nicholas Logemann, Alan Miller.
Touro University - California, Vallejo, CA, USA.
Reduction of the current carried by the cardiac potassium channel HERG can
lead to Long QT syndrome, an arrhythmia characterized by a rapid heart rate
and reduced cardiac output, which can, in certain situations, be fatal. The effect
of extracellular electrolytes on the biophysical properties of the HERG channel
have been studied in some detail. In particular, increases in extracellular cal-
cium, magnesium and hydrogen have been shown to slow channel deactivation.
In addition, a number of reports have also shown that hydrogen can reduce
HERG current by a mechanism that does not involve an effect on channel de-
activation and which may involve pore block. We show here that reducing ex-
tracellular potassium results in a significant increase in HERG current
reduction by both extracellular calcium and hydrogen. The Drosophila
voltage-gated potassium channel Shaker, showed a much smaller decrease in
current by extracellular calcium and this effect was not dependent on extracel-
lular potassium. Furthermore, the reduction in HERG current by extracellular
hydrogen depended on the extracellular calcium concentration. Taken together
these results suggest that calcium and hydrogen can block the HERG potassium
channel and that calcium, hydrogen, and potassium may interact at the outer
pore of the HERG channel. These extracellular electrolyte effects may be spe-
cific to the HERG channel.
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Development and Validation of a high-throughput Structure-Activity
Relationship Assay for the hERG Potassium Channel
Daniel J. Gillie1, Steven J. Novick1, Brian T. Donovan2, Lisa A. Payne2,
Claire Townsend1.
1GlaxoSmithKline, Research Triangle Park, NC, USA, 2GlaxoSmithKline,
Collegeville, NC, USA.
Drug-induced prolongation of the QT interval via hERG block is a major cause
of attrition in drug development. The advent of automated electrophysiology
systems has greatly reduced this risk by enabling the detection of hERG block
earlier in drug discovery. In this study, we have evaluated the suitability of the
IonWorks Barracuda for the characterization of hERG biophysics and pharma-
cology. The IonWorks Barracuda is a second generation automated patch
clamp system with increased throughput and capabilities, allowing 384 parallel
recordings and up to 8 additions per recording. All experiments were conducted
with CHO cells stably expressing hERG. Recordings were made in population
patch clamp mode, where each current is measured from an average of up to 64
cells. We first examined hERG gating characteristics. HERG V1/2 for activa-
tion was7.85 1.8 mV (n=183) on the IonWorks Barracuda versus 17.55
5.3 mV (n=9) by manual patch clamp. For pharmacological experiments, all
drug additions were made in a cumulative fashion such that up to 384 dose-
responses could be obtained in a single experiment. Seal resistances and cur-
rents were stable (<20% change) with up to 6 additions and 1-minute incuba-
tions per addition. Over 27 experiments, 96% of the recordings yielded full
dose-response curves. HERG pharmacology was examined with a set of 353
compounds that included well-characterized hERG blockers. Astemizole, terfe-
nadine and quinidine inhibited hERG currents with IC50 values of 159 nM, 224
nM and 2 microM, respectively (n=51, 10 & 18). This set of compounds was
also tested with the PatchXpress automated electrophysiology system. We de-
termined through statistical methods that the two automated systems provided
equivalent results. In conclusion, this study showed that hERG biophysical and
pharmacological characterizations can be conducted very efficiently with the
IonWorks Barracuda.
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Structural and Biochemical Characterization of a Cyclic Nucleotide
Binding Domain from the EAG Family
Maria J. Marques Carvalho1, Ricardo S. Vieira Pires2, Guillaume Gabant3,
Martine Cadene3, Joa˜o H. Morais Cabral2.
1IBMC (#503828360), Porto, Portugal, 2IBMC, Porto, Portugal,
3Centre de Biophysique Mole´culaire, CNRS, Orle´ans, France.
The voltage-gated ether-a-go-go (EAG) potassium channel family plays an im-
portant role in cardiac and neuronal repolarization, tumor proliferation and hor-
mone secretion. These channels are tetrameric, with six transmembrane helicesper subunit and large N- and C-terminal cytoplasmic domains. The function of
the cytoplasmic domains remains unclear, but it is thought that they are in-
volved in channel regulation since they can be phosphorylated and can interact
with kinases, integrins and calmodulin. In particular, the C-terminal domain has
strong homology to cyclic nucleotide binding domains (CNBDs) but it has been
demonstrated that EAG channel function is not affected by cyclic nucleotides
and that the domain does not bind nucleotides, in vitro. I have determined the
2.2 A˚ X-ray structure of one of these domains from the mouse EAG1 channel;
the structure has the canonical CNBD fold but it shows a ligand pocket that has
several differences relative to a cyclic nucleotide binding site, shedding some
light into why these domains are not able to bind cyclic nucleotides. Here I
present the biochemical characterization of this domain, a first step in the un-
derstanding the role of the C-terminal cytoplasmic domain in channel
regulation.
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Fisetin Regulation of HCN2 and Eag1 Channels Reveals Conserved Gating
Mechanisms
Anne E. Carlson, Tinatin I. Brelidze, William N. Zagotta.
University of Washington, Seattle, WA, USA.
Hyperpolarization-activated cyclic nucleotide-regulated (HCN) channels are
pace-making channels that contribute to rhythmic activity in the heart and
brain. All HCN-family channels contain a large intracellular domain in their
carboxy terminal region which includes a cyclic nucleotide binding domain
(CNBD) and a C-linker that connects it to the pore. We recently reported
that the flavonoids luteolin and myricetin regulate Eag1 channels by binding
a domain in their carboxy-terminal region that shares sequence and structural
similarity with the CNBD of HCN2. In a screen of flavonoids, we identified
fisetin as another potent regulator of Eag1. Fisetin shifted the voltage-
dependence of Eag1 channels toward more hyperpolarizing potentials and
slowed channel deactivation. Here we demonstrate that fisetin also regulates
the kinetic and steady state properties of HCN2 channels. We found that
30 mM fisetin sped activation at 140 mV, decreasing the time constant
from 1.17 5 0.10 s to 0.80 5 0.8 s (N=10). Additionally, 30 mM fisetin
shifted the Vhalf of the conductance-voltage relationship from 127.8 5
0.7 mV, to 120.4 5 0.7 mV (N=10). Fisetin shifted the voltage-
dependence of Eag and HCN channels in opposite directions, indicating that
it is not simply interacting with the voltage sensor. Furthermore we found
that fisetin and cAMP had non-additive effects on HCN2 channel gating. Us-
ing a FRET-based binding assay, we showed that fisetin bound to the purified
CNBD of HCN2. Additionally, fisetin did not speed activation or shift the
voltage-dependence of HCN2 channels lacking their CNBD. Together these
data indicate that the CNBD mediates fisetin regulation of HCN2 channels.
Based on the similar regulation of Eag and HCN channels by fisetin we pro-
pose that the mechanisms underlying ligand-mediated gating is well-
conserved amongst these channels.
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N-Terminal Region Regulation of hERG Potassium Channel Gating:
Contributions of the Eag/Pas Domain and the Proximal N-Terminus
Ahleah S. Gustina, Matthew C. Trudeau.
University of Maryland, Baltimore, Baltimore, MD, USA.
The Human Ether-a´-go-go Related Gene (hERG) encodes a voltage-activated
Kþ channel. hERG contributes to the repolarization of the ventricular action
potential as part of the IKr current and has also been shown to modulate neuro-
nal firing frequency. hERG gating is characterized by rapid inactivation upon
depolarization and rapid recovery from inactivation and slow closing (deactiva-
tion) upon repolarization. These factors combine to create a resurgent hERG
current, where the current amplitude is paradoxically larger with repolarization
than with depolarization. Previous data have shown that the N-terminal region
of hERG regulates gating kinetics, however the molecular mechanisms of this
regulation are not fully understood. Deletion of the hERG N-terminus (amino
acids 2-354) has been shown to speed channel deactivation and recovery from
inactivation compared to that of wild-type hERG channels. Relative outward
current amplitude is also increased during the depolarization phase, leading
to reduced current rectification. A genetically encoded eag domain fragment
(amino acids 1-135) was shown to restore slow deactivation to N-truncated
channels by forming a stable interaction with the C-terminal cyclic nucleotide
binding domain (CNBD). Our present study sought to further investigate the
contributions of the eag domain and proximal N-terminal region (amino acids
136-354) to hERG gating kinetics. We coexpressed genetically encoded N-ter-
minal region fragments with hERG channels bearing a deletion of the full
N-terminus (D2-354) or the eag domain (D2-135) in Xenopus oocytes and mea-
sured current with two-electrode voltage-clamp recordings. Here we report that
